Semiconductor nanowires ͑NWs͒ continue to attract significant interest due to their potential as elements in highperformance electronic and optoelectronic devices. [1] [2] [3] Rapid evaluation of their electronic transport properties is essential to quantifying dopant composition, to achieving growth process control, and to the rapid prototyping of latest devices. A single-step method capable of electrically interfacing NWs with contacts that are stable under thermal and voltage cycling, and with precise control of their placement, can aid significantly in developing reliable NW-based devices. In recent years, local deposition of metal contacts on Si, 4 Ge, 5 SiGe, 6 GaAs, 7 GaN, 8 ZnO, 9 and chalcogenide 10 NWs using a focused Ga + ion beam ͑FIB͒ has emerged as an attractive alternative to multi-step processes involving electron-beam or photolithographic patterning of a resist followed by physical vapor-deposited metal and lift-off. Despite numerous reports of application of FIB to contacting individual NWs and their subsequent analyses, remarkably little is known about the effects of FIB exposures, 11 both direct and proximally indirect, on the electronic transport properties of semiconductor NWs. Here, we quantify the effects of focused Ga + beam exposures on sets of GaAs and Ge NWs that have been contacted using several different methods as follows: electron beam lithography ͑EBL͒, electron beam induced deposition ͑EBID͒ of Pt, and ion beam induced deposition ͑IBID͒ of Pt. FIB treatments, including exposures introduced at some distance from each NW, are seen to modify significantly the response of the NW to electrostatic gating.
GaAs and Ge NW materials, grown without intentional doping, were chosen for this study to provide two examples of the impact of ion beam processing in the contacting of NWs. Ge NWs were chosen since their transport properties are well-characterized. [12] [13] [14] [15] In contrast, there have been no reports published on the transport properties of vapor-phase grown and not intentionally doped GaAs NWs exhibiting Ohmic contact behavior obtained without the use of a FIB. Here, GaAs NWs were grown using colloidal Aunanoparticle-catalyzed metal-organic vapor phase epitaxy on ͑111͒B-terminated GaAs substrates using ͑CH 3 ͒ 3 Ga and ͑C 4 H 9 ͒AsH 2 and at a growth temperature of 400°C. 16 Ge
NWs were grown using Au film-catalyzed chemical vapor deposition with GeH 4 in H 2 gas. The growth procedure involved a 10 min H 2 preannealing at 330°C, followed by flowing the precursor and carrier gases at 300°C for 10 min. The lengths of GaAs and Ge NWs vary in the 4 -6 m interval; diameters of the GaAs and Ge NWs were between 70-100 nm and 40-90 nm, respectively. Following sonication in isopropyl alcohol to remove the NWs from their growth substrates, NWs in solution were then transferred onto p-type Si͑100͒ substrates, each possessing a 200-nmthick thermally-grown SiO 2 gate oxide. Ti/Au bilayers ͑10 nm/150 nm͒ were previously deposited by electron-beam evaporation, and patterned into contact pads using EBL. Contacts to GaAs and to Ge NWs were each produced using the following methods: ͑i͒ EBID of Pt; ͑ii͒ IBID of Pt, and ͑iii͒ EBL patterning of metal deposited via electron beam evaporation. While the EBID process is nondestructive, the composition and electrical properties of EBID-produced Pt are known to evolve with thickness, 17 resulting in a change from thermally activated to metallic conduction. Here, a 500-nm-thick, 250-nm-wide EBID-produced Pt lead ͑5 kV and 56 pA͒ exhibited a resistivity of ͑8.3ϫ 10 −3 ⍀ cm͒ at both 80 and 400 K ͑not shown͒. EBID was then used to deposit 500-nm-thick Pt contacts onto 10 GaAs NWs and onto 5 Ge NWs, and to connect the leads to Ti/Au contact pads by employing ͑CH 3 ͒Pt͑CpCH 3 ͒. contact other subsets of GaAs NWs. An optimization of the film thickness, composition and a rapid thermal anneal ͑400°C, 30 s͒ was performed to obtain Ohmic contact to the GaAs NWs. In addition, identical sets of both IBID and EBID contacts were also prepared, without NWs, to validate that the measured currents were not due to a possible leakage current path.
The electronic transport properties of the EBL and EBID-contacted GaAs and Ge NW devices were collected under vacuum ͑Ͻ10 −5 torr͒, at selected temperatures between 80 and 400 K, and under a range of combinations of source-drain and gate biases enabled by a Ti-Au film on the back of each substrate. Response to optical illumination was facilitated by an unfocused 150 W halogen lamp placed 5 cm from the NWs. Three-terminal measurements were carried out on EBL-contacted GaAs and Ge NWs using substrate gating ͑Ϯ10, Ϯ20, and Ϯ50 V͒ and source-drain bias ͑−5 V Ͻ V sd Ͻ +5 V͒ in order to ascertain the doping type of the as-grown NWs, not previously reported in GaAs NWs grown from the vapor phase without intentional doping. Representative I-V data plotted at selected gate voltages for the as-EBL-contacted GaAs and Ge NWs ͓Figs. 1͑a͒ and 1͑b͒, respectively͔ demonstrate gating in each NW type, with p-type character. Representative I-V traces from EBIDcontacted GaAs NWs exhibit a light/dark ratio of ϳ1.5-5 ͑not shown͒. After the initial transport measurements the NW devices were transferred immediately into a FIB ͑FEI Strata 235͒ for the ion-beam exposures. The electron beam and ion beam ͑30 kV and 10-15 pA͒ were well-aligned in order to precisely locate the ion beam. The final setting enabled the incident ion-beam irradiation to be confined within the NW area, resulting in a typical ion beam dose on the order of 2.2ϫ 10 15 cm −2 on each NW. An identical series of electrical transport measurements were performed on the EBL-and EBID-contacted GaAs and Ge NWs following their exposures to the ion beam.
Shown in Figs. 2͑a͒ and 2͑b͒ are representative I-V traces of an EBID-contacted Ge NW and an EBID-contacted GaAs NW prior to ͑solid line͒ the ion beam exposure, respectively. These data were similar to those collected from the other EBID-contacted GaAs and Ge NWs, where the currents in each were in the picoampere and nanoampere ranges, respectively. For Ge NWs of this diameter range, this I-V characteristic and current at 3 V are consistent with previous reports on Ge NWs grown without intentional doping and contacted using Ti/W. 12 The dashed lines in Figs. 2͑a͒ and 2͑b͒ correspond to the I-V traces for the same EBIDcontacted GaAs and Ge NWs following ion beam exposure as described above. In all NWs studied the current measured following ion beam exposure was seen to increase by two to three orders of magnitude, and the light response ͑in the GaAs NW͒ and variation with gating ͑in both GaAs and Ge NWs͒ could no longer be discerned. The measured transport in the Pt-contacted NWs can be described in terms of an MSM structure. 18 The current increase by two to three orders of magnitude after ion-beam irradiation on NWs is consistent with a relatively high-dose ion beam implantation. We calculated the 30 kV Ga + ion stopping range by a transport range of ions in matter ͑TRIM͒ simulation. 19 The results showed that the ion traveling distance peaked at 18.3 nm and 18.2 nm in GaAs and Ge, respectively, and an appreciable concentration of ions extends 50 nm under the surface. Considering that the NWs have a diameter range between 40 and 100 nm, the implantation can be expected to reach well within each NW. As observed in bulk GaAs, the Ga + beam implantation can be expected to generate electrically active defects, creating acceptor states and resulting in an increase in carrier concentration in p-type GaAs as a function of Ga + dose. 20 Thus, the increase in current indicates that the acceptor states, through implantation in the p-type NWs, causing the Fermi level to move closer to the valence band. Changes in both NW conductivity and metal-semiconductor contact properties 21 can be responsible for the observed substantial increase in conduction. The lack of light response in postprocessed NWs is also expected as the number of optically generated carriers is negligible compared to dark conditions. Further, high doping of the NWs can be expected to reduce the gating effect, consistent with the data.
GaAs and Ge NWs, contacted using Pt via IBID, were reported to have exhibited a linear current-voltage response, 7, 11 indicative of Ohmic contacts. The Pt work function and electron affinity of GaAs suggest that deposited Pt, even with annealing, cannot account for the observed responses. A focused 30 keV ion-beam has a dropletlikeshaped interaction volume ͑ϳ6.5ϫ 10 4 nm 3 ͒ that is much larger than that for a typical NW, and the implanted Ga + are expected to have a lateral Gaussian distribution Ͼ500 nm from the beam spot. 20 Besides Ga + ion implantation, the electronic transport in long ͑Ͼ1 m͒ NWs is also influenced by IBID lateral proximity effects. To demonstrate the spatial proximity extent of ion beam exposure, the NW devices were also placed in the scanning electron microscope ͑SEM͒-FIB while the ion beam ͑30 kV/30 pA͒ was incident on the substrate for IBID of a Pt patch over an area of 
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Chen et al. Appl. Phys. Lett. 96, 223107 ͑2010͒ 1.5 m 2 /dose of 3 ϫ 10 17 cm −2 at 10 m from the NW ͓in-set of Fig. 3͑a͔͒ . The currents were seen to increase by one to two orders of magnitude, even when the ion beam exposure was limited to some distance from the NW device ͓Figs. 3͑a͒ and 3͑b͔͒. 22 This effect may be attributed to the surface deposition of recoiled Ga + ions that readily oxidize under the relatively low vacuum environment of the FIB, suggesting that connecting EBID contacts to probe and/or bonding contact pads with IBID lines would also change the NW transport properties.
In our comparison experiments, the transport measurements on IBID contacted GaAs NW devices produced with 30 pA/30 kV exhibited a linear I-V response and a resistance of 3.75ϫ 10 7 ⍀ ͑80 nA at 3 V͒. However, the transport experiments from EBL-contacted GaAs NWs taken from the same batch also exhibited Ohmic contacts but showed that these GaAs NWs in fact have a resistivity four orders of magnitude higher. This enormous difference, taken with other reports on the implantation of Ga + and amorphization 11 demonstrate that IBID of Pt significantly modifies the NW transport properties. Low-current 30 kV FIB irradiation on or near semiconductor NWs is seen to alter their carrier transport. Orders of magnitude increases in current are accompanied by diminished photocurrent and gating responses. For direct ion beam exposure, these results can be ascribed primarily to Ga + implantation in the NWs, resulting in the additional doping of GaAs NWs which can also alter contact properties. For indirect exposure the results can be attributed to the recoiling of Ga + ions that readily oxide under the relatively low vacuum environment of the FIB. Thus, EBID of Pt, rather than IBID, produces contacts to semiconductor NWs in a manner that permits study of their as-grown transport properties. 
